Nocturnal variations in postural sway during a period of sustained wakefulness were studied in seven healthy male adults. Postural sways with the subject's eyes open and with them closed were measured every hour from 22:00 to 04:00 h the following day. Parameters of postural sway [rectangle area (RA), root mean square of length in the anterior-posterior direction (RMSL-y), and medium-frequency-band (0.2-1.0 Hz) power of postural sway in the lateral (MF-x) and anterior-posterior (MF-y) directions] showed significant nocturnal variations. RA, RMSL-y, MF-x and MF-y increased after midnight and reached peaks at 04:00 h. Moreover, changes in RA and MF-y depended on visual conditions. The increases in RA and MF-y were larger with the eyes closed than with them open. These postural sway parameters showed positive correlations with subjectively rated sleepiness and negative correlations with electroencephalographic alpha activity. The results suggest that changes in postural sway during the night are influenced by the increase in sleepiness.
Introduction
It is important to control night workers' alertness to prevent human errors and accidents. Increased sleepiness during night shifts decreases work efficiency and causes serious accidents. The performance of workers decreases [1] and more injuries occur during the night [2] . It is known that circadian rhythms in many shift workers' physiological and psychological processes are at a low ebb during the night [3] . Many studies have demonstrated relationships between night shift work and subjective/ objective sleepiness [3, 4] , performance level [1, 3] , cognitive function [5] , physiological functions [6] and circadian rhythm disturbance [7, 8] . However, little attention has been paid to changes in equilibrium functions or the standing balance system during the night.
Variation in the standing balance system at night can provoke occupational health problems in some work conditions. For example, international aircraft pilots suffer from jet lag, sleep-wake problems and circadian rhythm disturbances caused by transmeridian flight [9] . Maintenance of an equilibrium function during flight is necessary for such pilots because increased sleepiness may influence such functions. Another example is physicians who perform emergency operations at night. Such surgeons also need to maintain their standing balance during an operation. Although there is no evidence of a relationship between any deterioration in the standing balance system induced by sleepiness and a decrease in performance or occurrence of accidents, consideration should be given to the possible risks of such work situations.
Measurement of postural sway is a simple and noninvasive method for assessing the standing balance system. This method has been widely used in clinical and rehabilitative medicine [10] . Standing balance is maintained through the integration of sensory information provided by the visual, proprioceptive and vestibular systems. It has been reported that standing balance is decreased in elderly people because of the age-related physiological diminution of vestibular function [11] and that it is further decreased in visually impaired elderly people [12] . From the standpoint of occupational health, some researchers have studied the effect of sleep deprivation on postural sway [13, 14] , but these studies have been conducted only in the morning after one night of sleep deprivation. Changes in the postural sway of subjects who remain in a state of sustained wakefulness during the night have not yet been examined. The relationship between sleepiness and postural sway has not yet been investigated.
The purpose of the present study was to examine changes in the standing balance system at night and to try to determine the relationships between the standing balance system and objective/subjective sleepiness. The recuperative effect of taking a nap was also examined.
Methods

Subjects
Seven healthy male volunteers (mean age = 23.5 ± 0.8 years; mean height = 172.6 ± 4.0 cm; mean weight = 67.0 ± 4.8 kg) with no musculoskeletal or neurological impairments in the standing balance system participated in this study. None of the subjects had been taking any medicine that could influence postural stability. They were neither extreme morning type nor extreme evening type. They were instructed to maintain regular sleepwake cycles for 1 week prior to the experiment. They were also instructed not to drink alcohol or perform intense exercise for 3 days prior to the experiment. Informed consent for participation in the study was obtained from all subjects.
Experimental procedure
The experiments were performed from January to March 2000 and were conducted in a sound-attenuating climatic chamber with constant artificial illumination at 1000 lx, and with temperature and relative humidity maintained at 25 ± 1°C and 50-60%, respectively.
Measurements of postural sway, subjectively rated sleepiness and the alpha amplitude of an electroencephalogram (EEG) were conducted every hour through the night between 22:00 h and 04:00 h the next day. The subjects stayed awake in a sitting position in the experimental room during the measurements. After the last measurements at 04:00 h, each subject took a nap for 3 h, from 05:00 to 08:00 h. At 30 min after waking, the measurements were made again in order to examine the effects of taking a nap on postural sway.
The measurement of postural sway, subjectively rated sleepiness and EEG Postural sways were measured for 30 s with the subject's eyes open and closed. Postural sway with eyes closed may not necessarily be related to actual work situations. Data obtained with the eyes closed, however, are important in assessing the standing balance system. The lack of visual information affects deleteriously the vestibule-labyrinth system via feedback from the visual system [12, 15] . Therefore, measurements of postural sway with the eyes closed could be a sensitive index when examining the relationship between sleepiness and the standing balance system. Each subject was instructed to stand upright and barefoot in the standard Romberg position (feet together) on a force platform (AnimaG5500; Anima, Tokyo, Japan). They were asked to stand as still as possible, with their arms by their sides. To obtain data with the eyes open, the subjects were instructed to watch a target placed at eye level 2 m in front of them. The postural data were digitized online and were sampled at 20 Hz. A locus of the postural sway from one subject and a time course of postural sway in the lateral (x) and anterior-posterior (y) directions are shown in Figure 1 (HF-x) and anterior-posterior (HF-y) directions, which were calculated by fast Fourier transformation (FFT). Many postural sway parameters were used in the present study in order to determine which parameter is sensitive to increased sleepiness during the night. Several studies have examined the effects of sleep deprivation and arousal state on postural sway [13, 14] . It is unclear which parameter was most sensitive to sleepiness because only a few parameters were used.
A subjective assessment of each subject's sleepiness was made using the visual analogue scale method. In this method, the subject was instructed to draw a vertical line on a horizontal 100-mm-long line on a sheet of paper. Scores were obtained by measuring the distance in millimetres from the left end of the line to the mark made by the subject.
The EEG alpha power was measured as an index of objective sleepiness. The EEG alpha activity reflects a physiological arousal state [16, 17] . It is well known that increased sleepiness attenuates the EEG alpha rhythm with the eyes closed [18] . EEGs with the subjects' eyes closed were recorded from the central location (Cz) for 1 min (Nihon-Kohden MEB-5504; Tokyo, Japan). A time constant of 0.3 s and a 60 Hz high-frequency filter were used. The EEG data were digitized online and were sampled at 100 Hz. FFT was performed. The alpha powers (8.6-13.3 Hz) of the EEG were integrated and transformed into amplitude values in microvolts.
Statistical analysis
A two-way (time of day × eyes open/closed conditions) analysis of variance (ANOVA) with repeated measurements was performed on data obtained from 22:00 to 04:00 h. A paired t-test was performed on data obtained between 04:00 and 08:30 h. Pearson's correlation coefficients between the parameters of postural sway and subjectively rated sleepiness were also calculated. All data were standardized in respective subjects for correlation analysis.
Results
Nocturnal variations in the parameters of postural sway are shown in Figure 2 and the results of the ANOVA are shown in Table 1 . Significant nocturnal variations were found in RA, RMSL-y, MF-x and MF-y. These parameters increased after midnight and reached peaks at 04:00 h. Furthermore, significant interactions between time of day and eyes open/closed conditions were found in RA and MF-y. The increases in RA and MF-y at midnight were larger with the eyes closed than with them open. No significant nocturnal variations were found in RMSL-x, MV-x, MV-y, LF-x, LF-y, HF-x and LF-y. Subjectively rated sleepiness and EEG alpha amplitude showed significant nocturnal variations: subjectively rated sleepiness increased and alpha amplitude decreased during the night (Figure 3) . Table 2 shows Pearson's correlation coefficients between standardized postural sway parameters and subjectively rated sleepiness, and between standardized postural sway parameters and alpha amplitude of the EEG. Most parameters showed significant correlations with subjectively rated sleepiness or EEG alpha amplitude. The postural sway parameters that showed significant correlations with both subjectively rated sleepiness and alpha amplitude were RA with eyes closed, RMSL-y with eyes closed, LF-x with eyes open, LF-y with eyes closed, MF-x with both eyes open and closed, MF-y with both eyes open and closed, and HF-y with eyes closed.
Significant effects of taking a nap were found for MF-y with eyes closed and subjective sleepiness, but not for the other parameters of postural sway and EEG alpha amplitude (Table 1) . MF-y with eyes closed and subjectively rated sleepiness decreased after taking a nap.
Discussion
This study, conducted at hourly intervals through the night, demonstrated nocturnal variations in postural sway when the subjects remained in a state of sustained wakefulness. RA and RMSL-y, which are considered to be basic parameters of postural sway, increased before midnight and reached peaks at 04:00 h. In the present study, spectral analyses were performed to determine what frequency bands of postural sway were sensitive to a state of sustained wakefulness. Significant nocturnal variations were found in the medium-frequencyband (0.2-1.0 Hz) power (MF-x and MF-y) but not in low-(0-0.2 Hz) and high-frequency-band (1.0-3.0 Hz) powers. It is thought that the increases in RA and RMSL-y at night were caused mainly by the increase in the medium-frequency component of postural sway.
Changes in postural sway parameters that showed significant nocturnal variations corresponded to changes in subjectively rated sleepiness and alpha amplitude of EEG. Most postural sway parameters showed positive correlations with the subjectively rated sleepiness or negative correlations with the EEG alpha amplitude. It was therefore thought that the increase in postural sway during the night was related to sleepiness. Furthermore, the medium frequency power (MF-x and MF-y) with eyes open and eyes closed showed significant correlations with both subjective sleepiness and objective sleepiness, suggesting that MF-x and MF-y were sensitive to sleepiness.
In the present study, the nocturnal variations in postural sway with the eyes closed and with the eyes open were different. Most parameters were larger when the eyes were closed than when they were open. Furthermore, significant interactions between the time of day and the eyes open-closed condition were found for RA, MF-y and HF-y. The increases in these parameters during the night were larger when the eyes were closed than when they were open, and there were many parameters that showed significant correlations with subjective and objective sleepiness with the eyes closed in comparison with the eyes open. The lack of visual information increases postural sway [10, 12] . The results of the present study suggest that the visual information compensated for the increase in postural sway during the night. Moreover, we found differences between parameters. Standing balance is maintained through the integration of sensory information provided by the visual, proprioceptive and vestibular systems. Different parameters of postural sway might provide different information. However, which mechanism is related to which parameter is still unclear. What we can conclude from our results is that the sensitivity to increased sleepiness depends on the postural sway parameters.
We examined the effects of taking a nap on postural sway and sleepiness. MF-y with eyes closed and subjectively rated sleepiness decreased significantly after taking a nap (at 08:30 h). These changes were thought to be the recuperative effects of taking a nap. However, there may be a circadian component in these parameters because it was reported that there were no differences between postural sway after sleep deprivation and after normal sleep [14] . It is not clear which effect was dominant in the present study. Further study focusing on the involvement of a circadian rhythm in postural sway is needed.
In conclusion, the present study showed that postural sway increases during the night and that these changes are related to sleepiness. Furthermore, nocturnal changes in postural sway are more sensitive to sleepiness when the eyes are closed than when they are open because of the compensatory effects of visual information. Changes in subjectively rated sleepiness (upper) and EEG alpha amplitude with eyes closed (bottom) during sustained wakefulness through the night and after taking a nap. All data are expressed as means + SE.
